Gonadotropin-releasing hormone (GnRH) neurons regulate reproduction though pulsatile hormone release. Disruption of GnRH release as measured via luteinizing hormone (LH) pulses occurs in polycystic ovary syndrome (PCOS), and in young hyperandrogenemic girls. In adult prenatally androgenized (PNA) mice, which exhibit many aspects of PCOS, increased LH is associated with increased GnRH neuron action potential firing. How GnRH neuron activity develops over the prepubertal period and whether this is altered by sex or prenatal androgen treatment are unknown. We hypothesized GnRH neurons are active before puberty and that this activity is sexually differentiated and altered by PNA. Dams were injected with dihydrotestosterone (DHT) on days 16 to 18 post copulation to generate PNA mice. Action potential firing of GFP-identified GnRH neurons in brain slices from 1-, 2-, 3-, and 4-week-old and adult mice was monitored. GnRH neurons were active at all ages tested. In control females, activity increased with age through 3 weeks, then decreased to adult levels. In contrast, activity did not change in PNA females and was reduced at 3 weeks. Activity was higher in control females than males from 2 to 3 weeks. PNA did not affect GnRH neuron firing rate in males at any age. Short-term action potential patterns were also affected by age and PNA treatment. GnRH neurons are thus typically more active during the prepubertal period than adulthood, and PNA reduces prepubertal activity in females. Prepubertal activity may play a role in establishing sexually differentiated neuronal networks upstream of GnRH neurons; androgeninduced changes during this time may contribute to the adult PNA, and possibly PCOS, phenotype. (Endocrinology 158: 3943-3953, 2017) 
T he ability to reproduce is typically associated with maturation into adulthood. The mechanisms underlying the establishment of the reproductive axis prior to and during puberty-and how disruptions of such mechanisms may be linked to various types of infertility-are not fully understood, particularly at the neural level. Gonadotropin-releasing hormone (GnRH) neurons link the central nervous system to the peripheral reproductive system through the release of GnRH. GnRH stimulates anterior pituitary secretion of luteinizing hormone (LH) and follicle-stimulating hormone, which activate gonadal functions; gonadal hormones exert feedback to control GnRH release and pituitary response.
GnRH is released in pulses (1, 2) with higher frequency favoring LH synthesis and release and lower frequency favoring follicle-stimulating hormone (3, 4) . Disruption of pulsatile GnRH release or interfering with the typical modulation of pulse frequency during the reproductive cycle can lead to infertility (5) . An example of the latter is polycystic ovary syndrome (PCOS), the leading cause of infertility in women (5) . Many women with PCOS exhibit persistently high GnRH-pulse frequency as reflected by LH pulses in the peripheral circulation (6) (7) (8) . This exacerbates hyperandrogenemia and produces a gonadotropin milieu that does not promote effective follicle maturation and ovulation.
To study neurobiological mechanisms potentially contributing to PCOS, prenatally androgenized (PNA) animal models are commonly used; women with PCOS who do achieve pregnancy exhibit elevated androgen levels in late gestation, potentially exposing their offspring to androgen excess during development (9, 10) . In several species, PNA females exhibit many neuroendocrine aspects of PCOS, including disrupted cycles and elevated LH pulse frequency, as well as mildly increased testosterone levels (11) (12) (13) (14) (15) (16) . In adult female PNA mice, GnRH neuron action potential firing activity is increased (17) , as is GABAergic synaptic transmission to these cells; GABA can excite GnRH neurons to fire action potentials (16, 18) . These studies in PNA mice have revealed possible mechanisms contributing to the neuroendocrine phenotype in adults, but have not addressed when programming-induced changes become evident during development. These early changes are potentially relevant to the human condition because clinical studies suggest altered LH release manifests before the pubertal transition is complete in hyperandrogenemic girls (19) . Additionally, late pubertal (Tanner stages 4 to 5) girls with hyperandrogenemia exhibit increased LH pulse frequency (20, 21) , and girls diagnosed with PCOS have increased LH pulse frequency as young as 12 years of age (21) . A role for androgens in this increased pulse frequency is suggested by studies in rhesus macaques, in which mild elevation of testosterone, characteristic of PCOS, during pubertal development increases LH pulse frequency during the early follicular phase (22) . In prepubertal control mice, gonadotropin levels are lower than adults (23) (24) (25) . In contrast, studies measuring GnRH release in brain slices from male mice indicate GnRH release frequency is highest during the first week of postnatal life (23) . This discrepancy is potentially explained by the well-established downregulation of pituitary response to GnRH when exposed to high frequency pulses or continuously high levels of this hormone (3, 26) . These observations suggest GnRH neurons are functional before puberty; that is, before downstream activation of the reproductive system is evident.
In these studies, we characterized GnRH neuron activity during prepubertal development in control and PNA mice. We hypothesized that GnRH neurons are active before puberty and that PNA increases this activity. To examine sex differences in typical development as well as to determine if effects of PNA are similar to those of typical masculinization, both females and males were studied.
Methods
Chemicals were purchased from Sigma Chemical Company (St. Louis, MO) unless noted.
Animals
GnRH-GFP mice on a C57Bl6/J background were held on a 14-hour light/10-hour dark light cycle with lights on at 0300 Eastern Standard Time. Mice had ad libitum access to water and chow (Teklad 2916) except breeders, which received higher protein 2919 chow (both from Envigo, Madison, WI). To generate PNA mice, a GnRH-GFP and a CD1 female were paired for 1 to 3 weeks and then a stud male introduced. Males were removed after pregnancy was established. PNA mice were generated by injecting pregnant GnRH-GFP dams with dihydrotestosterone (225 mg subcutaneously in sesame oil vehicle) on days 16 to 18 of gestation (day 1, copulatory plug observed). Controls included mice from vehicle-treated or uninjected GnRH-GFP dams; no differences were observed between control types and they were combined. The CD1 mouse was included for maternal and nutritional support to increase survival of PNA pups. Litter sizes were adjusted to ,15 pups per cage (two lactating females; CD1 and GnRH-GFP dam in each cage) by culling CD1 pups to normalize nutrition. Pups not used for postnatal recordings were weaned at 3 weeks of age. Androgenization of PNA females was examined by measuring time of vaginal opening, anogenital distance, and estrous cycles by vaginal lavage for 15 consecutive days in remaining female littermates in adulthood; preputial separation was monitored in males. Because of the strict age requirements for recording pups, pups from four to nine litters were used. For adult recordings, two to five litters were used as these were recapitulating previous observations (16, 27, 28) . The Institutional Animal Care and Use Committee of the University of Michigan (PRO00006816) approved all animal procedures preformed in this study.
Slice preparation
All solutions were bubbled with 95% O 2 /5% CO 2 throughout the experiments and for at least 30 
Extracellular recording
For recording, slices were placed into a chamber continuously perfused with ACSF at a rate of 2 to 3 mL/min with oxygenated ACSF heated to 30 to 32°C with an inline-heating unit (Warner Instruments, Hamden, CT). GFP-positive GnRH neurons were identified by brief illumination at 488 nm on an Olympus (Center Valley, PA) BX51WI microscope. Recording micropipettes were pulled from borosilicate capillary glass (type 7052, 1.65 mm outer diameter; 1.12 mm inner diameter; World Precision Instruments, Inc., Sarasota, FL) using a Flaming/ Brown P-97 puller (Sutter Instruments, Novato, CA) to obtain pipettes with a resistance of 2 to 3 MV when filled with HEPES-buffered solution containing (in mM): 150 NaCl, 10 HEPES, 10 glucose, 2.5 CaCl 2 , 1.3 MgCl 2 , and 3.5 KCl. Recordings were made with an EPC-8 with ITC-18 interface or one channel of an EPC-10 dual patch clamp amplifier using Patchmaster software (HEKA Elektronik, Pfalz, Germany) running on a Macintosh computer. Low-resistance (,50 MV) seals were formed between the pipette and neuron after first exposing the pipette to the slice tissue in the absence of positive pressure. Recordings were made in voltage-clamp mode with a 0-mV pipette holding potential. Signals were acquired at 10 kHz and filtered at 5 kHz. Resistance of the loose seal and baseline was checked during an initial 5-to 15-minute stability period, and also at 10-minute intervals during recording; data were not used if seal resistance increased above 50 MV.
Experimental design
Brain slices were prepared from control and PNA female and male mice at 1, 2, 3, and 4 weeks of age and adults (17 to 38 weeks of age). Three-week-old mice were used before weaning to avoid changes subsequent to abrupt social and nutritional changes. Targeted extracellular recordings were used to record long-term (20 to 60 minutes) patterns of firing activity. This method maintains internal milieu and has minimal impact on the firing rate of neurons (29, 30) . Recorded cells were mapped to an atlas (31) to determine if any trends based on anatomical location emerged; no such trends were apparent in these data sets. No more than three cells per animal and two cells per slice were included for analysis, and at least four mice were tested per group. Variation within an animal was not less than among animals.
Analysis
Action currents (events) were detected off-line using custom programs in Igor Pro 6.31 (Wavemetrics, Lake Oswego, OR). Data were binned at 60-second intervals and were transferred to Excel. Mean firing rate (Hz) was calculated by dividing the total number of events by the duration of recording. Further pattern analyses were done for the 3-week-old and adult groups, in which the most striking differences in mean firing rate were observed. The distribution of interspike intervals (ISIs) for each group was examined by comparing the probability of occurrence of ISIs between 0.01 and 100 seconds in increments of 0.5 seconds. A histogram of ISIs for all cells within a group was constructed and these distributions normalizing by dividing each interval by the total number of ISIs for the group. Normalized ISI distributions were compared using a KolmogorovSmirnov (KS) test.
Short-term burst-firing patterns are typically associated with neurosecretion (32) . Burst parameters (duration, spikes/burst, frequency, intraburst and interevent intervals) were compared among groups. Bursts have been characterized in adult GnRH neurons (33) (34) (35) , but given the difference in firing rate and patterns observed in the current study between prepubertal and adult mice, previously described burst parameters may not be optimal to analyze bursting activity at all ages. Bursts were thus first detected using software that systematically adjusted the maximum time between events (burst window) for inclusion in a burst (10-ms intervals up to 2 seconds total duration). The number of bursts was graphed as function of burst window. In most groups, a distinct peak was observed revealing a burst window that yielded the maximum number of bursts. This burst window was used for further analysis. Two groups (adult PNA females and males) did not exhibit a distinct peak, rather the number of bursts detected increased gradually as the burst window was lengthened; these groups were included in the analysis of burst parameters, but because they lacked a clear peak, were not used to select the burst window for further analysis. The peak of the burst window (range, 0.36 to 0.78 seconds) for each group exhibiting a peak was used to calculate burst parameters for all groups. One-way analysis of variance (ANOVA) revealed that the same statistical differences were found for burst frequency among groups regardless of the burst window chosen within this range (P . 0.99). We therefore chose a burst window of 0.36 (maximum burst number for 3-week-old control females) to compare burst parameters among age, and treatment groups by sex.
Statistics
Statistical analyses were performed using Prism 7 (GraphPad Software, La Jolla, CA) and IBM SPSS version 22 (IBM Corp., Armonk, NY). Data are reported as individual values with mean 6 standard error of the mean (SEM). Data distributions were tested using Shapiro-Wilk normality test and used along with experimental design to select appropriate statistical comparisons. For within-sex comparisons, two-way ANOVA was used to compare all groups with Fisher least significant difference (LSD) post hoc test; this choice was justified by the large number of comparisons (i.e., 45 unique comparisons within each sex between both treatments at five different ages). When comparisons were restricted to between groups at the same age, Sidak was used a post hoc. Burst parameters for each sex were compared for effects of age and treatment with twoway ANOVAs with Tukey honest significant difference test; Tukey was chosen for this analysis to permit comparisons of the mean of each group to all others. Further tests are specified in the figure legends and results. The null hypothesis was rejected if P , 0.05, but all P values , 0.1 are reported.
Results
Prenatal androgenization alters timing of pubertal indicators in both sexes and reproductive parameters in adult female mice PNA females exhibit early vaginal opening, and altered hormone levels and disrupted cycles as adults (17, 36, 37) . Here, we studied when PNA-induced differences emerge with postnatal development, often precluding evaluation of these parameters in the study subjects. These aspects were thus verified in littermates that were allowed to survive to adulthood; in our experience, the PNA phenotype is consistent among littermates. To verify the prenatal androgenization phenotype, vaginal opening in females and preputial separation in males were monitored from weaning. As reported (14) , vaginal opening occurred at a younger age in PNA females despite a lower body mass, which was attributable to younger age ( Fig. 1A and 1B ; n = 26 control and 30 PNA, age at vaginal opening P , 0.0001 two-tailed MannWhitney U test, body mass at vaginal opening P , 0.0001 two-tailed unpaired Student t test for samples with similar standard deviations). In males, preputial separation was advanced in PNA mice but no difference in body mass was observed, likely because the absolute shift in age of preputial separation for males was only ;2 days ( Fig. 1C  and 1D ; n = 11 control and 6 PNA, both P , 0.05 twotailed unpaired Student t test for samples with similar standard deviations). PNA treatment increased anogenital distance in females (Fig. 1E , unpaired Student t test), and also disrupted cyclicity in adult littermates of PNA mice used for recordings (Fig. 1F) . Specifically, PNA decreased the percent of days in estrus and proestrus (n = 15 both control and PNA; estrus control 29% 6 1.6%, PNA 7% 6 1.8%, proestrus control 15% 6 1.4%, PNA 1% 6 0.75%, both P , 0.0001, x 2 test). The outward effects of PNA are thus present by puberty in both sexes and persist in females into adulthood.
Prepubertal development of GnRH neuron activity is sexually differentiated
To test the hypotheses that GnRH neurons are dynamically active through prepubertal development, extracellular recordings were made of GFP-identified GnRH neurons. Representative traces from female mice are shown in Fig. 2 , summary data in Fig. 3 , and statistical parameters in Tables 1 and 2 . In cells from control females, firing activity was low during 1 week of age, and increased each week to a peak at 3 weeks of age, before declining to adult levels. In contrast to females, GnRH neuron activity in control males decreased from the first to second postnatal week of age, then rose again at week 3 before returning to lower levels during adulthood (Fig. 3A) . As a result of these different developmental patterns, activity was greater in control females than control males at 2 and 3 weeks of age. GnRH neuron firing activity during prepubertal development is thus both notably higher than adults and is sexually differentiated in control mice.
PNA alters the development of GnRH neuron activity in both sexes
Based on observations of increased reproductive neuroendocrine activity in both women with PCOS and PNA animal models, we hypothesized that PNA increases GnRH neuron firing in female mice during the prepubertal period. Contrary to our hypothesis, firing rate was lower in PNA mice at 3 weeks of age and the P value approached the level set for significance at 2 weeks of age. Activity did not change with age in cells from PNA females over the period examined ( Fig. 3B ; P $ 0.0978). In utero exposure to androgens thus alters the normal development of GnRH neurons in females, reducing firing activity during the prepubertal period rather than increasing firing as postulated.
In contrast to cells from PNA females, activity of cells from PNA males varied with age. Specifically, activity of GnRH neurons from male PNA mice was decreased at 3 weeks of age and in adults compared with 1-week-old mice (Fig. 3C) . Of note, PNA treatment partially ameliorated the decline of activity from 1 to 2 weeks of age that was observed in control males. Also in contrast to females, there was no difference in GnRH neuron activity between control and PNA males of the same age, suggesting that effects of PNA treatment in male offspring may be milder than in female offspring.
Prepubertal development of GnRH neuron activity in PNA females is similar to that of control males
To examine if PNA treatment in females results in a GnRH neuron activity development pattern that is similar to males, we compared recordings between PNA female and control male mice at all ages tested. There was no difference in GnRH neuron activity between PNA female and control males at any age (P . 0.3, two-way ANOVA/Sidak, Fig. 3D ; P . 0.08 two-way ANOVA/Fisher LSD, not shown). These data suggest PNA treatment in females, at least in part, masculinizes development of GnRH neuron activity.
Action potential timing in GnRH neurons changes with age, sex, and PNA treatment
The firing rate data are mean values over recordings lasting up to 1 hour. This provides a good overview of activity levels, but differences in spike timing are also important to neuronal function, in particular for the release of neuropeptides in adults (32, 38) and synapse formation during development (39) . We investigated action potential patterning of GnRH neurons from mice of each sex and treatment at 3 weeks of age and in adults as these ages had the largest PNA-induced difference in overall activity in females, which are of primary interest with regards to PCOS. First, we compared the probability distribution of ISIs among groups. In histograms of ISI probability, a sharp peak indicates a fairly regular firing pattern, multiple peaks indicate strict burst firing (long interval between bursts and shorter intervals within bursts) and flatter distributions indicate irregularly firing neurons that may exhibit a combination of bursts and individual spikes (40); ISI distributions for most groups of GnRH neurons studied fell into this latter category. In control females, ISI distributions shifted toward longer intervals in adults ( Fig. 4A ; KS, P , 0.0004, 3 weeks vs adult; note KS tests only permit two distributions to be compared). There was no difference between PNA and control females at 3 weeks of age (KS, P = 0.3927). In adulthood, however, PNA mice exhibited a longer interval shoulder that resulted in a shift in ISI distributions compared with controls (KS, P , 0.05). These data suggest that spike intervals shift with age in female mice and that PNA treatment leads to altered ISI distribution in adults. In control males, ISI distributions did not quite differ with age (Fig. 4B , KS, P = 0.0522, 3 weeks vs adult), trending toward longer intervals in adults, but did differ with PNA treatment in both three-week-old (KS, P = 0.0004) and adult mice (KS, P = 0.0062). Further, a distinct shoulder appeared at longer intervals in both control and PNA adult males (arrow in Fig. 4B ), suggesting emergence of a greater percentage of burst firing with age. These results indicate that despite a lack of effect of PNA on mean firing rate in males, this treatment does affect short-term organization of spikes. To further address the question of whether PNA induces masculinization of GnRH neuron firing in females, we compared ISI distributions between cells from PNA female and control male mice. These distributions did not differ at 3 weeks of age (KS, P = 0.27) but a difference emerged in adulthood (KS, P = 0.03; Fig. 4C ). PNA treatment thus induces changes in spike organization in females that are distinct from masculinization.
Burst patterning in GnRH neurons is affected by age but not PNA treatment
We also examined how sex, age and PNA treatment affect organization of action potentials into bursts ( Fig. 5A; Tables 3 and 4) . In control female mice, burst frequency was higher at 3 weeks of age than in adults (Fig. 5B , two-way-ANOVA/Tukey, P , 0.05). Burst duration and spikes/burst approached significance with age in control mice, with younger animals having longer bursts with more spikes (Fig. 5C and 5D: two-way ANOVA/Tukey, P = 0.0577 burst duration, P = 0.0507 spikes/burst). In females, intraburst interval did not differ among groups, but interevent interval differed with age in controls, and between adult control and PNA groups (Table 3 ). In males, burst frequency was increased in 3-week-old control animals compared with adults (Fig. 5E , two-way ANOVA/Tukey, P , 0.05); however, although there was an effect with age on burst duration and spikes/ burst, post hoc analysis revealed no differences among groups ( Fig. 5F and 5G ; P . 0.16 for all comparisons). Intraburst interval and the interevent interval were not different among male groups, and no effect of PNA was detected. Burst frequency is thus higher at younger ages in both sexes; in females, the properties of these bursts are also shifted with age.
Discussion
PCOS is the most common infertility disorder in reproductive-aged women. Although the underlying causes are still emerging, studies suggest that in addition to genetic associations (41), high levels of circulating androgens and altered placental steroidogenesis in pregnant women with PCOS could expose the fetus to an altered endocrine milieu (9, 10). We and others have used prenatal exposure to androgens (PNA) to construct animal models that recapitulate many aspects of PCOS, enabling potential underlying mechanisms to be studied (11) (12) (13) (14) (15) (16) . Based on growing clinical evidence that altered neuroendocrine activity manifests in hyperandrogenemic girls during the pubertal transition (19) (20) (21) 42) , we used the PNA mouse model to examine GnRH neuron activity during development and whether this is altered by PNA and/or is sexually differentiated. GnRH neurons are remarkably active in prepubertal mice, and their activity is affected by PNA treatment, sex, and age. These results suggest GnRH neurons are not merely "turned on" at the pubertal transition, but play a role throughout development; disruption of this early-life activity may contribute to PCOS. Striking sex differences were observed in the development of GnRH neuron firing activity. Firing rate of GnRH neurons from control females increased steadily through the first 3 weeks of development. In contrast, male firing activity decreased from 1 to 2 weeks of age. This result is consistent with the previously observed decline in GnRH release from 1 to 2 weeks of age in brain slices from male mice (23) . The pattern of GnRH release during prepubertal development in females has not been characterized, but the observation that release at the median eminence is largely dependent upon action potentials (43) suggests release may follow a pattern similar to firing in females, and thus be different than males. It is notable that despite these sex differences in GnRH neuron activity during development, females and males share the surprising finding that activity of GnRH neurons peaks well before any outward signs of puberty are evident.
Because PNA increases reproductive neuroendocrine output in adults in all species studied, we postulated GnRH neuron firing rate would be greater in PNA than control females during the prepubertal period. Contrary to this hypothesis, PNA exposure reduced GnRH neuron activity during prepubertal development, most notably at 3 weeks of age, although the decline appears to manifest earlier. This result is of interest with regard to studies examining pulsatile LH release in young obese girls. LH pulse frequency is reduced in these girls compared with controls in early Tanner stages (Tanner stages 1 to 2). This was reversed, however, in later stages (Tanner stages 4 to 5) with LH pulse frequency being higher than controls (44) . Circulating androgens increase with body mass index quintile (45), thus obese girls have a higher tendency to be hyperandrogenemic, although the small numbers in McCartney et al. (44) precluded a statistical identification of hyperandrogenemia. No animal model can perfectly recapitulate a human disease, but the present data showing an initial suppression of GnRH neuron activity during development coupled with elevated GnRH neuron activity (17) and increased LH-pulse frequency in adult PNA females (17, 36) seem to parallel these clinical findings. Of note, no difference was detected in firing rate of GnRH neurons from adult PNA vs control mice in the current study; we attribute this to the loss of statistical power with the high number of comparisons made. The means are similar to the previous report and a two-way test of adult values achieves significance.
In contrast to females, PNA had no effect on firing rate in cells from male mice. This supports and extends previous work showing that few neuroendocrine deficits causing fertility problems have been observed in male offspring of women with PCOS (46) . These offspring do exhibit metabolic deficits and higher anti-Müllerian hormone levels (46, 47) , but these are downstream and/or tangentially related to the reproductive neuroendocrine axis. Whether PNA treatment in females merely masculinizes the GnRH neurosecretory system is an obvious question, given androgens are typically elevated in male fetuses during development to facilitate differentiation of the genitalia in a male pattern (48) . In the present studies, the suppression of overall firing rate before puberty in PNA compared with control females suggests masculinization. Differences between PNA females and control males were observed, however, in action potential firing patterns. In controls from both sexes, burst frequency declined with age. ISI also shifted to longer intervals with age and became more irregular. Although burst properties were not affected by PNA, the interval distribution in adult PNA females was different than control males. This difference in action potential patterning argues against masculinization as a simple explanation for effects of PNA and suggests finer details of GnRH neuron firing may be altered by PNA exposure. The observation that GnRH neuron firing rate peaks before puberty indicates that the main role of GnRH neuron activity before activation of the downstream reproductive system may be unrelated to reproduction per se. In adults, GnRH is released not only in the median eminence, but also from the perisomatic region and proximal processes (43, 49) . The former regulates pituitary gonadotropin output, but the latter acts as a neuromodulator to alter central circuits, including regulating GABAergic transmission to GnRH neurons (50) . Highfrequency depolarization of GnRH neurons can also affect short-term plasticity in GABAergic transmission to these cells via glia and/or endocannabinoid intermediates (51) . Neuronal activity plays many roles in the development of neuronal circuits, including formation, maturation, and refinement of synapses (52) (53) (54) . Synapse formation is driven by a competitive process involving strong activity input from the postsynaptic cell (55, 56) . The present observations of higher burst frequency in GnRH neurons from younger animals are consistent with this. Classic studies in the cat visual cortex demonstrated that blocking activity leads to reorganization of synaptic connections and functional output of retinal ganglion cells (57) . Decreasing activity of cultured hippocampal neurons before synapse formation decreased functional inputs to that cell. In contrast, decreasing activity after formation of synaptic connections increases the number of synapses to the cell as a way to restore activity (58) .
An alternative explanation for the PNA-induced decline in GnRH neuron activity during development is that changes in GnRH neuron activity reflect postsynaptic changes initiated within the GnRH neuron to compensate for altered synaptic input. In this regard, a preliminary report indicates prepubertal GABAergic transmission to GnRH neurons is increased at 3 weeks of age in PNA mice (59), corresponding to the time when PNA reduced GnRH firing rate in the current study. GABAergic transmission is typically excitatory in these cells (18, 60) . Consistent with the observed increase in GABAergic transmission, appositions from GABAergic processes that originate in the arcuate nucleus of the hypothalamus are increased in PNA mice as early as postnatal day 25 (61) . Whether changes GnRH neuron activity or the presynaptic network come first is unknown. Both preand postsynaptic components play a role in the final maturation and establishment of a synapse (62) , supporting the idea that either altered activity and/or GABAergic inputs in PNA animals may affect synaptogenesis within the GnRH network. GABA can act as a paracrine factor to help establish synapses (63, 64) . Activity of the postsynaptic cell can also modify postsynaptic scaffolding proteins that stabilize receptors (65). Additionally, both activity and GABA are thought to play a role in the retraction of synapses. Reducing GABA release in basket interneurons by knockdown of the vesicular loading transporters decreases branch pruning and increases the number of synaptic boutons (66) , and postnatal activity in the visual cortex drives the engulfment of synapses via microglia (67) . Together, these observations suggest the postulate that GnRH neuron activity before puberty is important for attracting, pruning, and refining synaptic connections in the postnatal GnRH network; the suppression of activity in PNA females is therefore likely to alter these processes. Prenatal exposure to androgens may act centrally to program changes in the circuitry and/or activity of GnRH neurons. GnRH neurons, however, do not express detectable levels of the androgen receptor (68) , suggesting androgens initiate the cascade of events that program PNA-induced changes in another cell type. Androgen receptor expression in the early embryonic brain has not been well characterized. In rats, mRNA has been detected at E20 in multiple brain regions (69), whereas immunohistochemical studies in the mouse hypothalamus detected androgen receptors at P5 but not E19 (70) . Neither of those studies examined androgen receptor within GABAergic neurons; however, this receptor is expressed in GABAergic cell populations of the adult hypothalamus (71) . Another possibility is that PNA alters other processes that then affect neural circuits; for example, postnatal androgen production. Hyperandrogenemic women with PCOS have mild elevations of androgen, lower than typical male levels (5). In primates, exposure to a similar mild elevation in testosterone during the prepubertal period increases LH pulse frequency around puberty (22) . Of interest in this regard, androgens increase GnRH neuron firing in brain slices from adult mice of both sexes (27, 28) and also upregulate GABA transmission to adult GnRH neurons in an activity-dependent manner (72) . Programming and activational effects of androgens in this system are not mutually exclusive and both may be contributing to the PNA phenotype during development and in adulthood. Of note, it is not known when changes in androgen levels occur in PNA mice during development, thus whether the observed developmental changes are solely attributable to prenatal androgen exposure cannot be determined from these studies.
The present demonstration that the final common pathway of the reproductive neuroendocrine axis is active prior to puberty, is altered by PNA, and is sexually differentiated provides insight into both typical and pathological prepubertal development. If GnRH activity during this early postnatal developmental stage does indeed sculpt the afferent network, sex differences in activity may be critical for attraction of inputs needed for sexually differentiated reproductive functions, such as female-specific generation of a GnRH surge in most mammals. The early suppression of GnRH neuron activity by PNA in females may produce changes that ultimately lead to upregulation of the reproductive neuroendocrine axis observed in many adult PNA models and women with PCOS. An interesting, albeit speculative, possibility raised by these observations is that changes in neural activity could be the initial insult in a cascade that, in some cases, independently leads to PCOS, perhaps particularly in individuals in which one of several gene associations that have now been made are not identifiable (41, (73) (74) (75) . Together these findings suggest the postulate that GnRH neurons have a typical neuronal role, setting up the neural network needed for later reproductive function, before they assume the neuroendocrine role regulating fertility with which they are traditionally associated.
